Limited information is available on the risks of epilepsy after surgery in patients receiving general or neuraxial anaesthesia. Using Taiwan's National Health Insurance Research Database, we identified 1,478,977 patients aged ≥ 20 years who underwent surgery (required general or neuraxial anaesthesia with hospitalisation for more than one day) between 2004 and 2011. We selected 235,066 patients with general anaesthesia and 235,066 patients with neuraxial anaesthesia using a frequency-matching procedure for age and sex. We did not study those with co-existing epilepsy-related risk factors. The adjusted rate ratios (RRs) and 95% confidence intervals (CIs) of newly diagnosed epilepsy 1 year after surgery associated with general anaesthesia were analysed in the multivariate Poisson regression model. The one-year incidence of postoperative epilepsy for patients with general anaesthesia and neuraxial anaesthesia were 0.41 and 0.32 per 1000 persons, respectively, and the corresponding RR was 1.27 (95%CI 1.15-1.41). The association between general anaesthesia and postoperative epilepsy was significant in men (RR = 1.22; 95%CI 1.06-1.40), women (RR = 1.33; 95%CI 1.15-1.55) and 20-39-year-old patients. The risk of postoperative epilepsy increased in patients with general anaesthesia who had co-existing medical conditions and postoperative complications.
Introduction
Epilepsy affects around 70 million people worldwide and causes more than 17 million disability-adjusted life-years annually [1] [2] [3] . Head trauma, central nervous system infection, brain tumours and cerebrovascular disease are common risk factors [2] . Postoperative epilepsy may occur in people whose epilepsy is not well controlled before surgery, as well as in patients undergoing brain, open-heart surgery or liver transplantation [4] [5] [6] . However, there are few data on the incidence of new epilepsy developing after surgery relative to the complexity of patients' pathophysiology or operative procedures. Although infrequent, identifying risk factors for postoperative epilepsy is important both to protect patients from harm and to avoid associated economic and social costs. Since both stress and anaesthetic medication have been associated with epilepsy [7] , it is reasonable to determine whether surgery and anaesthesia can result in postoperative epilepsy. The relationship between anaesthesia and neurobehavioral disorders has been inconsistent in previous studies due to limitations of small sample size [8, 9] , inappropriate study populations [8, 10, 11] , inability to separate the effects of anaesthesia from surgery [8] [9] [10] [11] [12] [13] [14] [15] and inadequate adjustment for confounders [8, 11, 12, 16] . We conducted this nationwide population-based, retrospective, cohort study using Taiwan's National Health Insurance Research Database to evaluate the one-year risk of epilepsy after surgery in patients receiving general anaesthesia and neuraxial anaesthesia.
Methods
This study was conducted using reimbursement claims data from Taiwan's National Health Insurance Program. This programme was started in 1995 and now covers more than 99% of the nation's 23 million people. Taiwan National Health Research Institutes established a database to record all beneficiaries' inpatient and outpatient medical services as well as patients' basic baseline characteristics, physician's primary and secondary diagnoses, treatment procedures, prescribed medications and medical expenditures. This database has been favourably evaluated and research based on it has been published in a number of prominent scientific journals [17] [18] [19] .
The study was conducted in accordance with the Helsinki Declaration. To protect personal privacy, the electronic database was decoded with patient identifications scrambled for further academic access for research. Although Taiwan National Health Research Institutes exempt such uses from informed consent because patient identifications are decoded and scrambled [17] [18] [19] , it reviewed and approved this study, as did the Taipei Medical University Institutional Review Board (TMU-JIRB-201505055, TMU-JIRB-201404070). We identified 1,478,977 patients aged ≥ 20 years who underwent surgery (required general anaesthesia or neuraxial anaesthesia with hospitalisation for more than 1 day) between 2004 and 2011. We excluded surgical procedures that could only be performed with general anaesthesia, such as cardiac, neurological, pulmonary, breast, head and neck. We selected 798,841 eligible patients, but we did not study those with preoperative epilepsy, adults aged ≥ 80 years and those with significant epilepsy-related risk factors (traumatic brain injury, central nervous system infection, brain tumour, stroke, mental disorder or renal dialysis within 24 months pre-operatively). Among surgical patients having epilepsy events after surgery, anyone with a postoperative diagnosis of epilepsy-related risk factors within the one-year follow-up period was also not studied. To eliminate the confounding bias from age and sex, we matched each surgical patient receiving general anaesthesia by sex and age with one randomly selected surgical patient receiving neuraxial anaesthesia, and conducted the analysis with a frequency-matching procedure (case-control ratio = 1:1) so that 235,066 received general anaesthesia and 235,066 received neuraxial anaesthesia (spinal or epidural anaesthesia).
We identified low-income patients as those qualifying for waived medical co-payment as verified by the Bureau of National Health Insurance, Taiwan. We noted whether the surgery was performed in a medical centre as well as duration and type of surgery and type of anaesthesia. We used the International Classification of Diseases, Ninth Revision, Clinical Modification to define epilepsy (ICD-9-CM 345) and pre-operative medical conditions. These were determined from medical claims for the 24-month pre-operative period, and included hypertension, diabetes, liver cirrhosis, ischaemic heart disease, chronic obstructive pulmonary disease, Parkinson's disease, anaemia, congestive heart failure, migraine, pneumonia, sleep apnoea, asthma, pulmonary tuberculosis, atherosclerosis, hyperlipidaemia, viral hepatitis, multiple sclerosis and human immunodeficiency virus (HIV). We defined alcoholrelated mental illnesses as alcoholic psychoses, alcohol dependence syndrome, alcohol abuse, alcoholic fatty liver, acute alcoholic hepatitis, alcoholic cirrhosis of the liver and alcoholic liver damage.
We used the Chi-square test to examine the balance of covariates between surgical patients receiving general anaesthesia and neuraxial anaesthesia. Adjusted rate ratios (RR) with 95% confidence intervals (CI) for one-year risk of epilepsy after surgery between patients with general anaesthesia and neuraxial anaesthesia were analysed with multiple Poisson regression models controlling for sex, age, operation in medical centre or not, low-income status, type of surgery, hypertension, diabetes, liver cirrhosis, ischaemic heart disease, chronic obstructive pulmonary disease, Parkinson's disease, anaemia, congestive heart failure, migraine, pneumonia, sleep apnoea, asthma, pulmonary tuberculosis, atherosclerosis, hyperlipidaemia, viral hepatitis, multiple sclerosis and HIV. We performed stratification analysis by age, sex, low income, medical centre and types of surgery for associations between general anaesthesia and postoperative epilepsy. The joint effects of general anaesthesia, co-existing medical conditions and postoperative complications associated with the one-year risk of epilepsy after surgery were also performed in the multiple Poisson regression models. SAS version 9.1 statistical software (SAS Institute Inc., Cary, NC, USA) was used for data analyses; two-sided p < 0.05 indicated significant differences.
Results
After frequency matching by age and sex, patients undergoing general anaesthesia had higher proportions of low income (p < 0.0001), surgery in a medical centre (p < 0.0001), anaemia (p < 0.0001), viral hepatitis (p < 0.0001), liver cirrhosis (p < 0.0001), migraine (p = 0.0180) and sleep apnoea (p = 0.0004) than the neuraxial anaesthesia group. However, patients undergoing general anaesthesia had a lower proportion of diabetes (p = 0.0152), chronic obstructive pulmonary disease (p < 0.0001), ischaemic heart disease (p = 0.0017), hyperlipidaemia (p = 0.0078), asthma (p < 0.0001) and HIV infection (p < 0.0001) compared with patients having neuraxial anaesthesia. Types of surgery were also significantly different between patients with general anaesthesia and neuraxial anaesthesia (p < 0.0001) ( Table 1) .
During the one-year follow-up period, the incidence rates of postoperative epilepsy for surgical patients undergoing general anaesthesia or neuraxial anaesthesia were 0.41 and 0.32 per 1000 persons, respectively. After multivariate adjustment with Poisson regressions, the RR of one-year postoperative epilepsy associated with general anaesthesia was 1.27 (95%CI 1.15-1.41) in the final model ( Table 2 ). The association between general anaesthesia and postoperative epilepsy was significant in both sexes and patients aged 20-39 years (Table 3) . Compared with patients who had neuraxial anaesthesia, the risk of postoperative epilepsy significantly increased in patients with general anaesthesia when co-existing medical conditions and postoperative complications were considered (Table 4 ).
Discussion
We found that patients who underwent general anaesthesia had a significantly higher risk of newly-developed epilepsy after surgery compared with those receiving neuraxial anaesthesia. Advanced age, sex and low income are considered as sociodemographic risk factors for epilepsy [2, 20] . Head trauma, central nervous system infections, brain tumours and cerebrovascular disease are the most important comorbid risk factors [2] . In addition, multiple sclerosis and cerebral degenerative diseases have been shown to be independently associated with epilepsy risk [2, 20, 21] . Previous reports have shown that more patients with epilepsy are more likely to have co-existing medical conditions such as mental illness, migraine, asthma, heart failure and HIV infection [22, 23] . The type of surgery and duration of anaesthesia might also affect postoperative neurological outcomes [9, 16, 24] . To reduce bias, multivariate regression models were applied to adjust these sociodemographic characteristics and potential confounding factors.
The differences in association between type of anaesthesia and postoperative epilepsy were further analysed using surgery categories and sociodemographic and hospital factors. Although the incidence of epilepsy is higher in men [25, 26] , this study showed that patients undergoing general anaesthesia had a higher risk of postoperative epilepsy than those receiving neuraxial anaesthesia in both sexes. The use of general anaesthesia was also associated with a significantly higher risk of postoperative epilepsy in subgroup analyses of age groups, hospital factors and type of surgery. Advanced age and low income have been shown to be associated with higher risk of epilepsy in other studies [25, 27, 28] , so the potential impact of anaesthetic type on the incidence of postoperative epilepsy seems limited in older patients or those with these confounding factors. As low income is an important risk factor for epilepsy [28] , it may dilute the influence of general anaesthesia on postoperative epilepsy among low-income patients.
We have several potential explanations for the association between general anaesthesia and postoperative epilepsy. First, many general anaesthetic drugs have been reported to induce epileptiform seizure activity COPD, chronic obstructive pulmonary disease; HIV, human immunodeficiency virus; CS, caesarean section [29] . Synaptic transmission and interaction of excitatory and inhibitory neurons in the neocortex are involved with these proconvulsant effects. Neuro-inflammation is another plausible mechanism [30] . Evidence obtained from animal models suggests that exposure to inhalation general anaesthetics may increase levels of *Adjusted for all covariates listed in Table 1 . CI, confidence interval; RR, rate ratio.
proinflammatory cytokines that may cause neuroinflammation [31, 32] . The stress response to surgery also triggers the inflammatory cascade, releasing neuroendocrine mediators and cytokines in a pattern that peaks postoperatively [33] . General anaesthesia does not block sympathetic responses completely and will result in higher levels of stress hormones that also may contribute to epileptogenesis [34] . There seems to be an interaction with epilepsy risk between general anaesthesia and various neurological disorders or symptoms, such as Parkinson's disease, migraine, sleep apnoea and multiple sclerosis. Inhaled general anaesthetics and intravenous (i.v.) opioids may interfere with immune cell number and response [35] , thereby increasing the risk of both postoperative central nervous system infections and progression of epilepsy. In the absence of regional analgesia, total peri-operative opioid consumption may be increased when propofol-based total i.v. anaesthesia (TIVA) is used for surgery compared with inhalational anaesthesia. Total intravenous anaesthesia is the gold standard technique for neurosurgery but we could not find any evidence regarding the risk of postoperative central nervous system infection or epilepsy progression in association with propofol. Neuraxial anaesthesia may preserve postoperative immune function by avoiding inhalational anaesthetics and parenteral opioids [36] , reducing the risk of postoperative epilepsy. Reductions in the incidence of postoperative infections have been reported in patients treated with regional compared with general anaesthesia [37] [38] [39] . In our data, a higher incidence of postoperative epilepsy was observed among general anaesthesia recipients compared with those receiving neuraxial anaesthesia when HIV infection co-existed or peri-operative infection developed, such as pneumonia, deep wound infection, septicaemia or urinary tract infection. Thromboembolic events in the postoperative period can result in cerebral infarction, which may cause epilepsy. Neuraxial anaesthesia has been thought to attenuate the hypercoagulable state and decrease the incidence of thromboembolic complications by blunting the sympathetic response and improving regional blood flow peri-operatively [40] [41] [42] . This may explain why, in this study, the risk of developing epilepsy was higher in patients underwent general anaesthesia complicated by pulmonary embolism.
A final possible explanation is that general anaesthesia is often used in patients who have contraindications to neuraxial anaesthesia, such as the use of anticoagulants or coagulopathy. For example, in caesarean section, general anaesthesia may be required in women with severe pregnancy-induced hypertension who can develop eclamptic seizures as a later complication. Therefore, patients undergoing general anaesthesia have been identified as a group of individuals at higher risk for postoperative epilepsy, especially those affecting the cerebrovascular system. There are complex changes in the blood-brain barrier and cerebral function/sensitivity associated with chronic liver disease. We hypothesise that a greater use of general anaesthesia in patients undergoing peripheral vascular surgery and in patients with liver cirrhosis could predispose to cerebrovascular disease.
Our study has some limitations. First, information on biochemical values, lifestyle factors, genetic susceptibility, illicit drug use, peri-operative total blood loss, anaesthetic agents and other therapeutic interventions were not available in the database. Although we used multivariate adjustment for several confounders, residual confounding is always possible. The choice of TIVA is individualised based on the patient's medical history and/or surgical need, thus it is frequently used for inpatient surgery requiring general anaesthesia in Taiwan. Second, the severity and subtypes of epilepsy could not be evaluated in this study because we did not have data from brain imaging examinations and electro-encephalography. Third, only patients undergoing surgical procedures under general or neuraxial anaesthesia were included, so these results cannot be applied to patients undergoing surgery without general or neuraxial anaesthesia. In addition, because detailed information on the type of general anaesthesia, such as type of inhalational anaesthesia or use of TIVA, are not available in Taiwan's National Health Insurance Research Database, we could not evaluate the impact of various anaesthetic agents such as inhalation, propofol, ketamine, nitrous oxide or tramadol on the potential risk of epilepsy for patients undergoing surgery. Finally, our study suggests an association between general anaesthesia and risk of epilepsy development within 1 year without specifying the time interval between the surgery and epilepsy. The cause or mechanisms linking general anaesthesia and postoperative epilepsy needs further clinical study.
The use of potential seizure-provoking medications (see also Supporting Information, Table S1 ) should be considered carefully in patients undergoing general anaesthesia, particularly those with the existing predisposing factors that we have identified. Further randomised controlled trials are needed to clarify the different epileptogenic effects of various anaesthetics and to develop strategies to reduce the risk of epilepsy in surgical patients.
